Objective. This review provides a comprehensive assessment of the effectiveness of burst spinal cord stimulation (SCS). Ratings of pain intensity (visual analog scale or numeric rating scale) and patient-reported outcomes (PROs) on functional/psychometric domains such as depression (Beck Depression Index), catastrophizing (Pain Catastrophizing Scale), surveillance (Pain Vigilance and Attention Questionnaire), and others are addressed. Design. Articles were identified and selected from the literature according to prospective, replicable methods. Effectiveness data-pain scores and PRO ratings-were weighted by study sample sizes and pooled. The effects of burst SCS were compared against values at baseline and with tonic SCS. For PROs, published population norms were used for comparison. Results. Fifteen articles, with a combined sample size of 427, were included. Follow-up ranged from a few hours to two years. A variety of prospective designs were employed, including crossover studies, single-arm cohorts, and a randomized controlled trial, as well as retrospective case reports. The weighted pooled mean pain rating across articles at baseline was 76.7 (627.4). With tonic SCS, this was reduced to 49.2 (612.9), and with burst SCS it was further reduced to 36.7 (611.6), a 12.5-point difference between tonic and burst values. Psychometric analyses of PROs noted preferential improvement with burst SCS. In addition, 65% of subjects stated a preference for burst SCS. Conclusions. In pooled analyses that incorporated all available published evidence, the improvement over baseline for burst SCS was shown to have a clinically important incremental benefit over tonic SCS. In addition, burst SCS may support resolution of the emotional or cognitive aspects of pain that are mediated by medial thalamocortical pathways. This study highlights the value in considering the entire knowledge base in therapeutic assessments as well as adopting a consistent set of outcome variables within neuromodulation. Burst SCS is a valuable intervention, providing both analgesia and psychometric benefits that warrant further thoughtful applications.
After decades with tonic stimulation as the only SCS option, albeit with dramatic advances in technology, implantation procedures, and programming options, in 2010 a new SCS waveform emerged [2] . Termed "burst" SCS, it delivers packets of five longer (1,000 msec) pulses at 500 Hz, with the bursts repeated at 40 Hz. Monophasic charge accumulation occurs during the burst packet; this accumulation passively discharges during the interburst quiescent period. Despite requiring amplitudes much lower than for tonic SCS, burst SCS delivers more electrical current per second than tonic SCS [2, 3] . Burst SCS is ideally paresthesia-free when properly administered [2] .
Burst SCS has been positively received by the neuromodulation community due to the growing consensus that it relieves pain while also improving functional and psychological outcomes. It has shown utility for back and limb pain due to etiologies commonly treated with SCS, such as failed back surgery syndrome (FBSS), complex regional pain syndrome (CRPS), and diabetic peripheral neuropathy (DPN) [4] [5] [6] [7] . Burst SCS has been identified as providing better pain suppression than tonic SCS [5, 8] . The value of burst SCS as a salvage therapy has also been noted [5] . In addition to clinical outcomes, burst SCS has shown higher degrees of hyperalgesia resolution than tonic SCS in animal models [9, 10] .
The largest randomized controlled trial (RCT) of burst SCS to date, the SUNBURST trial, compared burst SCS with tonic SCS in a crossover design [11] . This trial led to FDA approval for burst SCS therapy in October 2016 [11] . Although the statistical superiority of burst SCS relative to tonic was confirmed, the magnitude of the difference between the two groups at the primary end point (43.5 mm [on a standard 100-mm visual analog scale [VAS] with burst SCS vs 48.7 mm with tonic SCS) was modest. Interestingly, this was in contrast to the strongly endorsed preference data: 70.8% of SUNBURST subjects preferred burst SCS, compared with 15.8% who preferred tonic SCS (10.4% had no preference) [11] . The modest difference between the SUNBURST waveforms' pain scores was unexpected because it followed nearly a decade of smaller publications that consistently presented burst SCS as a considerably more robust intervention compared with tonic SCS. Thus, this report was completed with the objective of comprehensively reviewing the burst SCS literature-real-world observations as well as more stringently controlled designs-and pooling the data in analyses that may provide a more realistic reflection of outcomes with burst SCS and avoid potential unforeseen biases in smaller sample sizes. The objective is also to reframe future burst SCS studies with emphasis on collecting a greater number of objective measures reflective of the burst SCS waveform's mechanism of action.
Methods
Databases queried included MEDLINE 1946 to present, MEDLINE InProcess and other nonindexed citations, the Cochrane Methodology Register, Health Technology Assessment, NHS Economic Evaluation Database, and Cochrane Clinical Answers, all via Ovid. The search strategy was (burst OR BurstDR) AND (spinal cord stimulat* OR SCS OR dorsal column stimulat*), with a publication date range of 2010-2019. Additionally, key word searches for "burst spinal cord stimulation" and the above terms were completed using Google Scholar and the journal Neuromodulation. Finally, the citation lists of recent systematic reviews were checked for additional citations.
Articles were included on the basis of reporting prospective or retrospective data on the clinical effectiveness (pain ratings and/or associated domains such as function or quality of life) of burst SCS. The following categories of articles were excluded: reviews, protocol-only publications, non-SCS treatment, indication outside of trunk/ limb pain, use of a nonhuman model, technical data (e.g., electroencephalography [EEG]) only, non-peerreviewed communications (e.g., letters to the editor), and conference proceedings. In instances in which multiple reports were made on the same cohort of patients, only the most recent and/or most complete publication was summarized to ensure that data were not duplicated in the systematic review. All authors collaborated on the selection process; any disagreements were resolved by consensus.
Data Analysis
From the selected articles, abstracted data included study design, sample size, subject demographics, indication being treated with SCS, pain scores (either VAS or numeric rating scale [NRS]), and patient-reported outcomes (PROs; e.g., questionnaires about mood, disability, or quality of life). Each article's level of evidence was rated according to a standard methodology (Level 1 evidence: high-quality RCT; Level 2: lesser-quality RCT or prospective comparative study; Level 3: case-control study or retrospective comparative study; Level 4: case series; Level 5: expert opinion) [12, 13] . Additionally, the quality of recommendations based on the selected literature as a whole was evaluated using the Grades of Recommendation, Assessment, Development, and Evaluation (GRADE) methodology, in which interventions are evaluated based on the whole of the evidence in a step-wise fashion. Initially, randomized controlled trials are given a default "high" ranking, and observational studies are ranked "low." The quality of the evidence is then considered against consistent criteria and can be downgraded due to limitations in study quality, inconsistencies in results, uncertainty about the directness of the intervention on outcome, imprecise or sparse data, or high probability of reporting bias. Conversely, the quality of the evidence can be upgraded due to strong effect sizes, evidence of a dose-response gradient, or favorable interpretation of any confounders. A final grade is then assigned to the evidence: "High ¼ Further research is unlikely to change our confidence in the estimate of effect; Moderate ¼ Further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate; Low ¼ Further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate; Very low ¼ Any estimate of effect is very uncertain" [14, 15] . GRADE recommendations were made for controlled trials as a group and for observational studies as a group.
For a pooled analysis of pain scores, VAS and NRS were considered equivalent and were analyzed together. If multiple pain scores were reported in an article (e.g., overall pain, back pain, and leg pain), the most comprehensive option (overall pain) was used. Scores were transformed, if necessary, from a 0-10 scale to a 0-100 scale for consistency. Mean pain scores in each article for baseline, burst SCS treatment, and tonic SCS treatment conditions were identified and weighted by the study N. Then, a single pooled mean and standard error of the mean (SEM) were calculated for all studies.
For preference scores (for burst SCS vs tonic) and the most common PROs (that is, those reported in at least three articles), similar methods were used to calculate pooled means. As comparisons, population norms, based on nonpain respondents, were identified from the literature (Beck Depression Inventory [BDI] [16] , Pain Catastrophizing Scale [PCS] [17] , Pain Vigilance and Awareness Questionnaire [PVAQ] [18] ).
Because the same PROs were not used consistently across the 15 articles and therefore could not be analyzed individually, all reported PRO outcomes were normalized and pooled. The mean PRO scores reported in each study for baseline and during burst SCS treatment were transformed to the proportion of the highest (worst) possible score for the relevant instrument. As above, these proportions were then weighted by each study N, and a single pooled mean and SEM were calculated. For comparison, population norms, based on nonpain respondents, were identified from the literature ( [22] ). To convert the population norms to a similar metric, they were transformed (as above) to proportions of the worst possible score for that instrument and weighted according to the sample size of each burst SCS article employing that PRO. The converted population norms were then expressed as a single pooled weighted mean and SEM, for a comparison.
Safety data (adverse events [AEs] and complications) were collated across the articles and presented in a narrative format.
Results

Summary of Patient Demographics
After removal of duplicate titles and assurance of date range restriction, there were 105 titles/abstracts identified. Of these, 81 were excluded on the basis of the criteria above. The remaining 24 full-text titles were reviewed, and nine were excluded. Of these were four articles [23] [24] [25] [26] that would have otherwise been eligible for inclusion but were excluded due to being comprised of subject samples that were the same as, or overlapping with, selected articles. Thus, 15 articles were reviewed for this report ( Figure 1) .
All included studies used technology manufactured by St. Jude/Abbott, delivering the BurstDR waveform. Follow-up duration varied from one week to two years. Nine studies were short-term, applying stimulation for hours to weeks. Five studies had longer follow-up, although three of these were single case reports. One study was a randomized controlled trial with its primary end point at three months. Apart from the case reports, all were prospective, and a crossover design was used in a majority (nine studies). Nine studies compared outcomes with burst vs tonic SCS, whereas five studies compared burst SCS against baseline, and a single study compared outcomes under burst SCS programming options. One study was identified as Level 1 evidence and six as Level 2, with the remainder at Level 3 or Level 4. Despite the inclusion of articles with high levels of evidence, the conservative GRADE rating system set the level of evidence for controlled studies at "low" and "very low" for observational studies. In both categories, when taken together (not as individual articles), the quality of evidence was downgraded due to limitations/inconsistencies in study quality and imprecise/sparse data. Study design elements and level of evidence for each included article are presented in Table 1 . The 15 articles included 427 subjects (1-102 per article). Across the 13 studies that reported gender, approximately 40% of subjects were female and 60% were male. Outside of case reports, articles' mean reported ages ranged from 42 to 62 years, with a grand mean age of 55.2 years. The most prevalent diagnosis was FBSS, followed by CRPS and DPN. Subject demographics for each article are presented in Table 2 .
Pain, Preference, and PRO Scores
Pain scores were compared across baseline, tonic SCS, and burst SCS conditions. At baseline, the weighted pooled mean was 76.7 (627.4). With tonic SCS, this was reduced to 49.2 (612.9), and with burst SCS it was further reduced to 36.7 (611.6) ( Figure 2 ).
When weighted and pooled across all studies that reported preference, 65% of subjects stated a preference for burst SCS, whereas 20% preferred tonic SCS and 16% had no preference or preferred some other SCS waveform ( Figure 3) .
Weighted pooled BDI scores were 12.1 and improved to 9.2 with burst SCS treatment. For comparison, the nonpain population norm is 9.1. Weighted pooled PCS scores were 18.2 at baseline and improved to 6.3 with burst SCS treatment. For comparison, the nonpain population norm is 13.9. Weighted pooled PVAQ scores were 35.0 at baseline and improved to 17.1 with burst SCS treatment. For comparison, the nonpain population norm is 33.5 ( Figure 4) .
The normalized weighted pooled scores for all PROs, combined, were compared for baseline, tonic SCS, and burst SCS conditions, and with the normalized population norms. At baseline, PRO scores were 37.8% (69.8%) of their maximum (worst) score. With tonic SCS, this was reduced to 31.9% (65.9%), and with burst SCS it was further reduced to 25.8% (66.6%). For comparison, the normalized nonpain population norm was 19.8% (63.2%) ( Figure 5 ).
Safety Data
Eight of the 15 articles reported on AEs and complications. Safety events were largely mild and readily resolved. In all, two study-related serious AEs were reported, both in the SUNBURST study (Table 3) .
Discussion
This systematic review of burst SCS included 15 peerreviewed articles with a combined total of 427 subjects. A pooled analysis of pain intensity ratings, preference for burst SCS, and PROs was completed. Although the data Due to limitations of study quality (various combinations of small sample size, lack of placebo control, and lack of blinding could reduce statistical power and obscure therapeutic effect against unclear placebo effect) and imprecise or sparse data (majority of studies are trial-only, with one including three months of follow-up; this is an incomplete assessment of a chronic intervention). ‡ Due to limitations of study quality (various combinations of small sample size, lack of control/placebo/blinding and variability in the comparisons being made) and imprecise or sparse data (trial-only data, N ¼ 1 data). were collected from heterogenous patient populations suffering from various pain diagnoses and with varying follow-up durations, the pooled analysis revealed consistent and clear effect in the incremental benefit of burst SCS above that of tonic SCS. The pooled analysis showed that the average pooled pain score with tonic SCS was 49.2, whereas with burst SCS it was 36.7, a 12.5-point difference. This is likely to be experienced by the subjects as a clinically important difference, given that the minimal clinically important difference (MCID) for multidisciplinary pain treatment for low back pain was 1 point on a 0-10 NRS [40] and the MCID for SCS treatment of postlaminectomy syndrome was 1-1.2 cm on a 10-cm VAS [41] . The clinical importance of the incremental benefit of burst was supported by the large majority of subjects who preferred burst SCS over tonic. Likewise, a common pooled analysis of all reported PROs showed that burst SCS achieved better outcomes than tonic. Pooled analyses of several relevant PROs also showed that burst SCS improved outcomes relative to baseline values and achieved scores that were similar to published reference values for nonpain populations. Complications appeared generally mild and consistent with those of other waveforms. A notable finding in the pooled analysis of pain intensities was that the burst vs tonic difference (12.5 points) was more pronounced than the difference reported in the SUNBURST RCT (5.2 points) [11] . This report's pooled analysis included SUNBURST data as well as prospective and observational data from the other 14 available studies. One possible explanation is that the SUNBURST study enrolled only those who responded to tonic SCS during the pre-implant trial period, which enriched the population for tonic responders and may have led some of that group to favor tonic SCS. Moreover, during the crossover phase of the trial, burst SCS stimulation used high amplitude (average of 1.73 mA, which is higher than that reported in other trials [2] ) and may have been influenced by the higher stimulation amplitudes used for tonic SCS. This may have resulted in suboptimal outcome. On the other hand, another explanation is that the tightly controlled inclusion and exclusion criteria of the SUNBURST study may have made the study population less representative of the typical SCS population and therefore contributed to a less observable difference between the studied interventions. Order effects were ruled out statistically. Regardless, 70.8% of SUNBURST subjects preferred burst SCS, which is very similar to the 65% pooled preference proportion in this report. This suggests the utility of burst SCS for patients who may have lost efficacy with tonic SCS or are ready for a Figure 3 . Across studies, a higher proportion of subjects preferred burst spinal cord stimulation (SCS) than preferred tonic SCS or another SCS/had no preference. Bar heights represent pooled means across studies for each of the stimulation conditions. Error bars represent standard error of the mean. modification of their therapy due to the implant's battery being at the end of its life. There are many factors that may contribute to the preference for one waveform over another, such as the lack of perceptible paresthesia, improved emotional status, better pain relief, or a combination of factors that may form novel questions for future research into SCS waveforms. In addition to the preferential effect of burst SCS on pain intensity, PRO outcomes were consistently improved with burst SCS. This was demonstrated in pooled analyses that showed that burst SCS achieved a global PRO improvement (across multiple domains such as function, quality of life, pain interference, and mood) and individual PRO improvements to similar levels as nonpain population norms for the BDI, PCS, and PVAQ. These improvements in PROs indicate that burst SCS may have benefits for the holistic pain experience, not only pain intensity. In addition, the BDI, PCS, and PVAQ are all tied to mood, emotion, and attention regarding pain. This effect was very pronounced, especially with the PCS and PVAQ, which actually improved to better than population norms. There is considerable evidence that different brain pathways may mediate the sensory and affective components of pain [42, 43] .
Burst stimulation SCS is based on the observation that fibers originating from thalamus, when exposed to burst stimulation, are more likely to activate cortical areas [44] . Central processing of pain stimuli are believed to be processed in parallel in two signal pathways: a medial affective (attention-controlled) pathway and a lateral discriminatory signal pathway [45] . It is postulated that the medial (affective) pain system is triggered by nociceptive neurons in lamina I of the dorsal horn and that this is achieved by the burst, not tonic, SCS waveform. The charge accumulation and passive discharge are key factors in the burst waveform that mimic natural neuronal burst firing in order to modulate the medial pathway. Tonic stimulation, on the other hand, primarily triggers wide-dynamic range neurons and thus is thought to activate only the lateral (discriminative) pain pathway [23, 46] . Compelling data regarding the effect of burst SCS on pooled outcomes for PROs that may be related to emotional functioning support the hypothesis that burst SCS is mediated by the medial supraspinal pathway. These findings align with a previous report that showed that subjects' attention to pain, as measured by the PVAQ, was significantly improved with burst SCS, compared with both sham and tonic stimulation [27] . Sourcelocalized EEG data also showed significantly higher alpha activity in the dorsal thalamus in burst stimulation compared with other stimulation modes in a subset of patients in the same trial [27] . Additionally, objective measures of the cortical response to pain in both the medial and lateral pathways have been shown to be decreased selectively by burst SCS [47] . This suggests that, for future studies, affective measures such as the BDI, PVAQ, and PCS should be recorded in conjunction with VAS and functional improvement. This is in accordance with recommendations of the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials group (IMMPACT) [48, 49] . It also opens some consideration for the validity of pre-SCS screening for comorbid depression and mood if burst SCS may have a beneficial effect on those aspects as well as pain intensity.
Potential Limitations
This summary of published evidence about burst SCS has several limitations. One is that studies of different designs and follow-up durations were combined. For example, the SUNBURST study was set alongside short-term studies in which burst and tonic SCS were compared with trial-only reports (five studies) and against N-of-one case reports (three studies). Additionally, the follow-up time in nine studies was two weeks or less, and only five trials followed subjects for three months or more. Furthermore, there were differences in comparators (nine were tonic vs burst, five were baseline vs burst, and one was burst vs burst). This heterogeneity in the selected literature is reflective of the currently limited state of the knowledge base for this emerging technology. To attempt to restrict our review to one or another category of article would have reduced the number of available studies to the point of precluding meaningful conclusions. Thus, the quantitative analysis-essentially a grand mean weighted by sample size in order to avoid unfairly emphasizing the outcomes of small studies and case reports-does not approach meta-analysis methodology, which is not yet possible due to the underlying literature. The primary strength with this approach, however, is its simplicity in that it forms a representative "snapshot" of all existing information in a raw data format. It should be noted that care was taken not to double-count data (as can be a concern in some meta-analyses including multiple reports from the same research groups). However promising and beneficial to selected patients, future clinical trials on burst SCS could benefit from implementing established concepts of study design aimed at minimizing bias and raising the level of evidence produced. RCTs should have proper treatment allocation, blinded outcome assessment, and longer duration of follow-up. Crossover trials should consider wash-in and washout periods, as well as treatment order effects. More trials without industry sponsorship would be beneficial. Additionally, instead of simple documentation of treatment in a case report style, N-of-one studies could more valuably implement prospective randomization to treatment and control periods, and thus be of great potential value in exploring new indications and new treatment algorithms [50] .
The IMMPACT group has produced a number of consensus papers with recommendation for design and interpretation of clinical research in chronic pain. Recommended core outcome domains and corresponding specific measurement for each domain have been proposed [48] . Adherence to these recommendations in future clinical trials, when suitable, would facilitate crossstudy comparisons of trial data, pooled data analysis, and meta-analyses in this field. Highlighted in other IMMPACT publications, a critical consideration in study design is to incorporate the concept of clinical importance. What change in a measured outcome measurement represents a meaningful, clear change for individual patients should be established in order for the trial to be of value to patients, clinicians, and payers. Clear and concise recommendations for methodology exist [49] .
Moreover, it is well established that the clinical importance of individual patient improvements and the clinical importance of mean group differences must be interpreted differently [49] . These are two distinct aspects of the result of a clinical trial, and both are important when evaluating the result. Differences in the clinical changes (e.g., mean reductions in pain intensity) observed between two interventions may not adequately describe the overall potential benefit of an investigated treatment for an individual and may obscure clinically important aspects. A comprehensive reporting on percentage of responders with meaningful improvement, evaluation of secondary outcomes, and safety and tolerability must all be weighed to understand the full benefit of the investigated treatment.
Apart from high-quality efficacy studies, the field in general would benefit from systematic aggregation of real-world outcome data collected in a standardized way, preferably in multinational registries, to investigate longterm clinical effectiveness and monitor safety. This would again serve as a useful foundation for exploring the costeffectiveness of different neuromodulation treatments.
A systematic review of burst SCS clinical outcomes was published in 2016 and concluded that there was not sufficient evidence to recommend for or against the use of burst SCS and that there was "very low" confidence in recommending burst SCS on the strength of the evidence [6] . That finding was, however, based on the five studies that were available at the time. This report provides a much more complete picture of the burst SCS literature base, including a newly published large RCT. The GRADE rating of controlled studies here, although low overall, indicates that the balance of evidence regarding burst SCS as an intervention has improved since the 2016 systematic review. However, overall interpretation may benefit from the development of a rating system that is specific to the treatment patterns and study design details found in neuromodulation, as has been suggested previously (51) . Importantly, this review provides, for the first time, quantitative evidence for the overall efficacy of burst SCS in the pooled analyses with specific objective data on medial and lateral pathway parameters.
All of the articles included in this systematic review used the BurstDR waveform. It should be noted, however, that there are other SCS waveforms that are also termed "burst," most notably that delivered by the Boston Scientific Spectra system. Considerable differences exist, however, in their production, functional consequences, and clinical outcomes. The BurstDR waveform functions by passive recharge, in which charge is built up sequentially during the five-spike train and discharges only after the train ends; in contrast, Boston Scientific's burst waveform uses active recharge to repeatedly balance the charge after every spike [52] . It has been argued that because the latter does not exhibit a charge summation, it should more accurately be termed "clustered tonic stimulation" (Figure 6 ) [53] . A study of conventional tonic vs active recharge burst SCS in an animal model of chronic pain showed that conventional SCS provided more effective pain relief with equivalent charge densities [54] . A response suggested that there may have been a different outcome if passive recharge BurstDR stimulation had been used [55] . Indeed, behavioral animal testing has shown that the recharge phase is a relevant factor in pain responses [56] . A recent study of electrophysiological monitoring during intraoperative SCS activation indicated that passive recharge burst SCS required lower thresholds to generate an EMG response, activated distal musculature (indicating charge penetration deep into the dorsal columns of the spinal cord), and creation of a hyperexcitable state. Active recharge burst SCS, on the other hand, although also exhibiting some degree of threshold-lowering, had a stimulation artifact pattern that was similar to that of tonic SCS. This neurological difference was theorized to be due to the BurstDR waveform creating a "primed" state for energyefficient ongoing stimulation [57] . Active recharge SCS was selected by patients as the best option from among a number of available waveforms only 8.4% of the time [58] . As has been pointed out in the literature, however, the ideal set of parameters for clinically useful burst SCS has not been definitively identified [59] .
Here, a novel approach was used to address the apparent dichotomy of findings between SUNBURST vs other reports and provides a method to integrate real-world evidence from various peer-reviewed sources on burst SCS. Burst SCS is likely to be a valuable addition to the resources with which the neuromodulator can employ ingenuity toward the otherwise intractable problem of chronic pain.
